We have found a new growth stimulator for bidobacteria in the culture broth of Propionibacterium freudenreichii ET-3. The biˆdogenic growth stimulator (BGS) was puriˆed by Diaion HP-20 column chromatography and preparative HPLC. Spectroscopic methods including 1 H-NMR, UV, and LC-ESI-MS experiments indicated that the chemical structure of the biˆdogenic growth stimulator was 1,4-dihydroxy-2-naphthoic acid (DHNA). Approximately 10 mg W L of DHNA was found to be produced in the culture broth of P. freudenreichii ET-3.
It is well known that biˆdobacteria are the predominant bacteria in the gastrointestinal tract and have many beneˆcial eŠects on human health. 1) Besides, there is now an interest in modulating the composition of intestinal ‰ora such that a potentially more useful community exists. This may be achieved by dietary supplementation such as prebiotics and probiotics that function as biˆdogenic growth stimulator (BGS). It is well known that various kinds of oligosaccharides can be used by biˆdobacteria and promote the growth of biˆdobacteria in the intestine.
We have reported that a cell-freeˆltrate of Propionibacterium freudenreichii culture had a selective stimulating eŠect on biˆdobacterial growth, 2) and that 2-amino-3-carboxy-1,4-naphthoquinone (ACNQ, compound 1) was one of the components of the growth stimulators produced by P. freudenreichii ET-3 isolated from Swiss-type cheese.
3) Approximately 0.2 mg W L of ACNQ was detected in the P. freudenreichii ET-3 culture. It was also observed that the number and the frequency of occurrence of biˆdobacteria in fecal samples were increased when a culture powder of P. freudenreichii ET-3 was fed to healthy human subjects. 4) Feasible actions of ACNQ and oligosaccharides toward bidobacteria were considered to be quite diŠerent, namely, ACNQ acts as an electron acceptor to regenerate NAD + in biˆdobacteria, 5, 6) whereas oligosaccharides act as an energy source.
It has been recognized that the contribution of ACNQ to the total BGS activity of P. freudenreichii ET-3 culture is not very high, therefore it is necessary to identify other BGS compounds to clarify the eŠects of P. freudenreichii ET-3 culture on the growth of biˆdobacteria. Further investigation of BGS in the P. freudenreichii culture has revealed the presence of a new BGS. In this paper, we report the isolation and identiˆcation of this BGS.
The culture broth of P. freudenreichii ET-3 was put on a Diaion HP-20 column and the column was eluted with MeOH. Further puriˆcation was followed by a preparative HPLC to give compound 2 having BGS activity with a retention time of 24.5 min.
In the 1 H-NMR spectrum of 2,ˆve aromatic signals were observed ( Table 1) . Four of these signals were the typical absorption pattern of naphthalene or naphthoquinone derivatives like ACNQ. The LC-ESI-MS spectrum of 2 was measured with positive " was observed with negative ion mode. Thus we estimated the molecular weight of 2 to be 204. Subsequently, we examined the UV spectra (photodiodearray) of several naphthalene and naphthoquinone derivatives. We found the UV spectrum of 2 matched that of 1,4-dihydroxy-2-naphthoic acid (DHNA). Furthermore, the 1 H-NMR and LC-ESI-MS spectra of DHNA matched those of 2. These data showed the structure of compound 2 to be DHNA. Although compound 2 has already been reported; it was identiˆed as a BGS for theˆrst time in this study.
Approximately 10 mg W L of DHNA was detected in the P. freudenreichii ET-3 culture by HPLC and its BGS activity was about 83z that of the total culture. It was also conˆrmed that DHNA is contained in the Swiss-type Emmental cheese at the concentration of 0.1 mg W g. DHNA is known as an intermediary metabolite of menaquinone biosynthesis, 7) but its physiological signiˆcance is not clear.
DHNA stimulated the growth of biˆdobacteria exclusively among the intestinal bacteria (Table 2) . One microgram per milliliter of DHNA showed 3.1 U of BGS activity by the agar diŠusion method with Bidobacterium longum 6001, while ACNQ showed 2.0 U of BGS activity at the same concentration. BGS activity (U) of DHNA increased linearly with its concentration, and high correlation (r 2 ＝0.993) between BGS activity and the amount of DHNA of P. freudenreichii ET-3 culture was obtained (Fig. 2) . Therefore, it was concluded that the BGS activity of P. freudenreichii ET-3 culture as measured by the agar diŠusion method was dependent on the amount of DHNA in the culture.
Experimental
Apparatus and Materials. An NMR spectrum was recorded by a Varian Inova 500 (500 MHz) instrument, NMR chemical shifts being referenced to the solvent peaks of dH 3.4 ppm for MeOH-d4. UV spectra were recorded using HPLC [Waters 600E HPLC system, Waters Co.; Cadenza CD-C18 column, 4.6×150 mm, Imtakt Co., Kyoto, Japan; solvent, acetonitrile, methanol, water, and acetic acid Fermentation. P. freudenreichii ET-3 was grown at 309 C for 72 h in 10z(wt W vol) whey medium, which was digested by Protease Amano A (Amano Pharmaceutical Co., Aichi, Japan). During cultivation, the pH of the medium was kept at 6.0 using 8 N K2CO3 as a neutralizer, and the atmosphere of the incubator was replaced with nitrogen gas.
Assay of BGS activity. The BGS activity was measured by an agar diŠusion plate assay as previously reported.
4) 1-Hydroxy-2-naphthoic acid solution was used as a standard to measure the BGS activity. One unit of BGS activity was deˆned as the amount of the test substance which showed a growth diameter equal to that obtained by 1 mg W ml of standard solution.
Isolation and structural analysis of 2. Ten liters of culture broth of P. freudenreichii ET-3 was put on a Diaion HP-20 column (1 liter). The column was washed with 3 liters of water containing 0.5z(wt W vol) sodium ascorbate and eluted with 3 liters of methanol. The methanol fraction in which BGS activity was recognized was concentrated in vacuo and dissolved in water containing 0.5z(wt W vol) sodium ascorbate at pH 4.5, then extracted with 1 liter of ethyl acetate three times. The ethyl acetate phase was dried with sodium sulfate, and concentrated in vacuo. This concentrate was puriˆed with a preparative HPLC [Waters Delta Prep 4000 HPLC system, Waters Co.; Capcell Pak C18 SG120 column, 50× 500 mm, Shiseido Co., Tokyo, Japan; solvent, acetonitrile, methanol, water, and acetic acid (20:40:200:0.1, vol W vol W vol W vol, adjusted to pH 7.0 with NH4OH); ‰ow rate, 100 ml W min; injection volume, 4 ml (×5) in methanol; UV at 254 nm]. The fraction containing a peak with a retention time of 24.5 min which had BGS activity was concentrated in vacuo with 0.5z(wt W vol) sodium ascorbate and extracted with ethyl acetate at pH 4.5. The ethyl acetate phase was dried with sodium sulfate and concentrated in vacuo, to give 2, 60 mg.
Measurement of DHNA. The amount of DHNA was spectrophotometrically measured at 254 nm using HPLC [Waters 600E HPLC system, Waters Co.; Cadenza CD-C18 column, 4.6×150 mm, Imtakt Co., Kyoto, Japan; solvent, acetonitrile, methanol, water, and acetic acid (10:20:200:0.1, vol W vol W vol W vol, adjusted to pH 7.0 with NH 4 OH); ‰ow rate, 1.5 ml W min; injection volume, 20 ml].
